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STUDIES OF THE EFFECT OF
DEPTH OF FOCUS ON SEISMIC PULSES

I. Abstract

This report summarlzes the corclusions reached 1in thirty
other reports 1issued in connection with this contract, and
lists the individual reports which detall how each of the
objectives of the contract was reached.

The principai niethod used in an attempt to measure depth-
of-focus of shallow events 1s the Watson-Merdler inverse-
filtering technique. It 1s shown that a simplified version
of this method which neglects noise also finds ghosts in a
selsmogram, as does cross-correlation. The three methods
frequently but noct always find the same ghosts.

Two important factors which make it difficult for all
three methods to find ghosts are that short-period seismometers
do not record the main part of the energy in most seismic
pulses and the ghosts commonly differ greatly from theilr

primaries in waveform and frequency spectrum.

II. Objectives

The objectives of this research are listed below to-
gether with reference to the scientific and technical
reports .hich describe each part of the work. Irasmuch as
detalled technical reports have already been distributed on

most aspects of this research, only the conclusions will be
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summarized here except for the work of the last three mornths,
which has not been thoroughly reported previously.

Objectilive 1: To construct selsmic scale-models wherein

the effects of the earth on seismlc pulses can be simulated.
The model facillties are described in Technical Report Nr.

2 by R. L. Rothman (1964). Figure 1 shows typical arrangec-
ments of some of the equipment. Scientific Report Nr. 2 by
Y. Nakamura (1963A) discusses the behavior of some of the
mode) materials. Scilentific Report Nr. 3 by B. F. Howell,
Jr. (1966) Jescribes a digitizer developped for use in this
laboratory.

Objectlve 2: To study interference patterns in model

records «nd to compare them with patterns observed in real
events. Technical Report Nr. 2 by Rothman (1984) ls con-
cerned with interference in the model records. Technical
Report Nr. 4 by G. Leblanc (1966) discusses the spectra of
a real earthquake in detail. This problem has also been
discussed by Nakamura (1963B) in Technical Repor. Nr. 1.

Objective 3: To collect seismograms for the study of

depth of focus. A file of over 400 seismograms, most of
them in digital form has been assembled as a source J>f

research material.

Objective 4: To try various methods of analyzing seis-

mograms in an attempt to measure accurately the depth of
focus ¢f the causitlve event. This was the principal ob-

Jective of the project. It was hoped that accurate depth
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determirnation would assist significantly 1n dis.inguishing
natural earthquakes from blasts. A method of inverse fllter-
ing called the Watson-Merdler method was developped, and is
described in Technical Report Nr. 3 oy S. C. Merdler (1964).
The original method was modified and tested on blasts as
described in Technical Rerort Nr. 5 by J. L. Lin (1966) and
on earthquakes as described in Technical Report Nr. 6 by

Y. Y. Cheng (1966).

A simplified versior of this method (known as the
dezhost method) which neglects noise has also been devel-
opped and is described below. DToth methods have been com-
pare  wlth two types of cross-correlatlion analysis.

Objective 5: To construct a two-dimensional scale-

model of the earth's crust, to examine the effects of
refraction of seismic waves along the Mohorovicic dis-
continuity in this model and to compare them with results
in the real earth. Technical Report Nr. 7 by D, E. Siskind
(1966) describes the principal experiment in this series.
Other experiments related to thls objective are described
in Technical Report Nr. 1 by Y. Nakamura (1963) and in
Scientific Report Nr. 1 (Nakamura, 1964), Nr. 4 (Howell,
1967) and Nr. 5 (Howell and Baybrook, 1967).

Objective 6: To prepare reports covering all work

done. A complete list of all reports prepared, including

verbal reports before societies, published repcerts to which

this contract contributed partial support and publications
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planned which will be completed after the close of this

contratt are included in Table TI.

IIT. Summary of Conclusions arrived at in Previously

Issued Reports.

A. Model materials.

In the early experiments on this project, scale models
were made from commercial plastics. These materials were
found to absorb elastic waves much more rapidly than metals.
The ratés of absorption were measured in polystyrene and in
Plexiglas. Absorption in these materials was found to be
frequency depende.it. The ansorption coefficient was found

to be

Q
il

(0.054 log F - 0.080)/cm (1)
in Plexiglas and

= 7.3 x 10_5F1'L'l/cm (2)

Q
|

in polystyrene for 30-180 ke, where ¥ is frequency and ¢ is

defined by the equatioa for amplitude
A =Ac¢e (3)

where A 1is distance. To avold the effects of absorption,
only metal models have been used for the last two years.
Absorption is much lower in metals. The variation with
frequency was too small to measure in the bi-metallic sheets

used in this research.
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B. Effect on the frequency spectrum of refraction

along boundaries.

Three types of boundary were investigated. Nakamura
(1963B) studied the effect of a transition layer in which
veloclity increased smoothly rrom the low-veloclty material
to the high-veloclity materlial. Selsmic nulses refracted
along such a boundary were attenuated about 12 db/octave
above a frequency given by 1.7 times the veloclty gradilent
in the mudel. Using fileld data, Nakamura and Howell (1964)
and Howell (1966A) found a similar frequency cut-off effect
corresponding to a transition-layer <f not over 0.5 km
thickness under the Gulf of Maine and Lake Superior.

+hils does not mean that such a transition layer exists
in these places. Siskind (1966) found that a thin inter-
medlate~velocity layer could have an effect on the spectrum
which could not be distingulshed from a Nakamura-tyne
transition layer.

Howell and Daybrook (1966) investigated an irregular
(saw-toothed) boundary (Fig. 2), and found -that it also pro-
duced a decrease 1n energy at high frequencies (Fig. 3). It
thus appears that a wide range of structures can produce the
observed effect, which must consequently be expected from
many 1f not nearly all real crucstal structures. Criticail
refraction thru a layered crust or along the Mohorovicic dis-
continuity will, in this fashion, tend to 1limlt seismic
signals to frequencies below 6-10 cps. The peak energy in

the spectrum tends to be below this. This filtering effect

e A e - o e————— -
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will have a tendency to obscure any differences in the
spectrum of earthquakes and blasts, even if such differ-
ences exlsted at the source.
C. Depth of focus from simple spectral analysis.
Throughcout thls research the basic principle used in

an attempt to measure depth of focus has been the concept
that there 1s a surface-reflected pulse, pP, arriving after
an unreflected first arrival, P, and resembling 1t in wave-
form. In the frequency domain, the presence of these two
pulses will produce maxima and minima, the poslitions of which
are determined Ly the pP-P delay time. Rothman (1964) sought
to measure this delay by examining the interference patterns
which resulted from the overlapping of these two pulses. He
found maxima and minima in the frequency spectrum at the
expected places, as did Siskind (1966) in a more limited
test. Rothman showed, however, that even in the case of
very simple layering, there were many superposed interfer-
ence patterns resulting from the presence not only of P and
pP, but also from P and other pulses. Because every

passage thru an lnterface potentially produces up to four
pulses, the pattern of peaks and troughs in the spectrum

of any seismogram from a real structure 1is complicated.
Rothman showed that there 1is a spectral effect which marks
the depth of focus, but that it was not an obvious one
which could be measured dependably in any but special,

simple cases. Similar results were obtained by autocorrela-

tion analysis.
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Leblanc (1966) studied the complexities of the spectrum
further ard showed that even from one earthquake the
spectrum varied greatly from station to station (Figure 4).
He demonstrated that the detailed structure of the spectrum
can be fully accounted for by the effects of reflection and
refraction as a selsmic pulse passes thru a layered crust.
He showed that this effect on the nulse, called the transfer
function of the crust, could be calculated for any segment
of selsmogram. He develcpped a method of choosing between
different transfer functions to decide which of two or more
was the more likely cause of an observed spectrum represent-
ing any given selsmogram.

If the structure of the earth 's accurately known,
Leblanc's method will allow the spectrum to be adjusted
(thru inverse filtering) until only the effect of depth of
focus remains. However, the spectrum is so sensitive to
small changes in layer thicknesses and physical properties
that more research will have to be done before the effect
of the crust at any staticn can be removed well enough to
try Rothman's method of finding focal depth.

D. Watson's focal-depth method.

Since every seismic event except one right a% the
surface must produce both a P and a pP pulse (except for
the special cases of zero P reflection from the surface and
nulls in the radiation pattern at the source) the seismogram
normally consists of several trains of pulses: 1) the P

pulse travelling from the source to the recorder, followed
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by all the additional pulses generated by reflection and
refraction at intermediate boundaries; 2) the surface
reflected pP pulse and 1its train of additional pulses;

3) tue surface reflected sP pulse; 4) the S pulse; etec.

If only that portion of the selsmogram before the arrival

of sP i1s considered, this portion may be treated as the sum
of two trains of pulses: P{(t) and pP(t). Wnere the upward-
radiated P pulse has the same waveform as the downward-
radiated P pulse, where there are no large additional pulses
generated by interfaces between the focus and the surface,
and where the angle of 1ncidence at the surface is small g9
that pP and P trave. nearly the same path beneath the surface,
then the selsmogram can be consldered to consist of only the
sum of 7 {t), pP(t) and any noise which is present. Since
pP(t) i1s postulated to be of the same waveform as P(t) but
delayed behind it by the time, At, to rise tc the surface

and descend again to the focal depth,

pP(t) = RP(t-At)

—~

where R 1s the ratio of amplitudes of pP(t) to P(t). 1In

this case, the seismogram wil. be
S(t) = P(t) + RP(t-At) + N(t) (5)

where N(t) 1s noise plus the effects of imperfections in any
0of the approximations assumed above. Xnowing S(t), R and
4t, P(t) can be approximated for any noise level.

An approximation of P(t) can be found for any S(t), R
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and At. If R and At are known to lie within some range of
values, these can be sampled, and P(C)'s found for all
desired values of R and At for any given S(t). Merdler

( 364) experimented with different criteria for picking that
P(t,R,At) which was the best approximation to “he original
pulse radiated from the focus of the seismic event. He
postulated, on empirical evidence, that, for the correct
values of At and R, the value of the quantity CR would be

larger than for any other combination of At and R, where

£ ([ee)| - v)®

.. _pu 6
"7z ) (22(0)) )
Tpu T

where TpJ is the sequence of time intervals when P(t) exceeds
the noise level U, and T is the tctal length of P(t) tested.

CR 1s called concentration ratio. CR was consldered to be a

measure of the relative simplificaticn of P(t) as compared

to S(t).

Lin (1966) and Cheng (1966) tested the Watson-Merdler
method on fourteen nuclear-test-blast seismograms and on
fourteen earthquake seismograms, respec.ively. They found
that they had to add to Merdler's criterion the requirement

that the numerator in equation (4) was less than the corre-

sponding summation for the original seismogram:

s (|p(e)] - w3z (1s(v) | - v)?
Tpu Tsu (7)

y
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They also found no evidence that the largest C_ necessarily

R
occurred for the case sc.zht. By examining all P(t)'s for
combinations of R und At where CR was greater than the con-
centration ratio for the original seismcgram, S(t), from
which P(t) was derived, they discovered that there seemed
to be more tha. one P(t) which was a simplified version of
S(t). Each was suspected of being a case where the inverse
filtering used to find P(%) in trne Watson-Merdler procedure
had removed scme real pulse or pulses. Sometimes the removed
pulses could be identified as pP, sP or the core reflection,
PcP. At other times they could not be identified.

It was also found on checking that the effect of the
layering of the crust was to produce many pulses in the
selsmograrn. It was concluded that the most likely explana-
tion for the many combinations of R and At which produced
reasonably simplified P{t)'s was that each corresponded to
a case where one of these crustal internal reflections was
removed. Which P(t) was pP was not obvious.

The Watson-Merdler method succeeded in recognizing
pulses, but it could not identify them (Figs. 5 and 6).
Even 1n the case of a shallow blast, there were usually
several P(%)'s recognized. Hence, the method, in its ele-
mentary form, failed as a means of distinguishing between
blasts and selsmograms. Using many earthquake seismograms,
however, there 1s a good possibli*%ty that pP and other
pulses can be recognized by their tendency to occur as

solutions regularly for a large fraction of the records.
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IV. Conparison of the Watsosn-Merdler method with

alternative approaches.

The Watson-Merdler method was able to find values of
time delay, At, and pulse-strength ratio, R, for which the
selsmogram, S(t), seemed to consist approximately of two
pulses: a P(t), which was simpier than the original seismo-
gram plus an image of itse¢lf, RP(t-At). Merdler's measure

of simplicity, C was largely empirical. In the course of

RJ
Lin's and Cheng's studles, it became increasingly apparent

that the use of CR as a means of ldentifying the cases where
inverse filltering was removing a real pulse was tho weakest

part of the procedure. CR consists of three parts:

2
U, =|§F>6|P(t)| - U) (8)

where U 1is the noise arplitude

L, = SP2(t) (9)

T (1.0)

=5t
P |Pk>U

Using this notation, equation (4) can be rewritten

Ca(P) = 2 (11)

There are corresponding quantities for S(t)

u, == (Is(e)]- v)? (12)
|s|>u
L, = 25°(¢t) (13)

y
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. T = t (14)
|- fl>v

3

P Us

Cr(8) = 5=t (15)
1 S S

Tn identifly cases where inverse filteriryg simplified the
selsmogram, Lin (1966) and Cheng (1966) used equation 7 and

the following equation in place of the condition %that C. as

R
given by equation 6 be a maximum

Ca(P)> C5(S) (16)

The second test was necessary because in certain cases,

inverse filtering produced a P(t) whose amplitude was much

greater than that of S(t). It did not seem reasonable that

P(t) should represent more energy than the S(t) of which it

was presumed to be a part.
Peaks 1n the Watson-Merdler CR occur largely when Tp is

significantly less than TS. The two criterion Tﬁ(TS and

Uﬁ<Us can be combined to give a test criterion

T L]
JS TS

- 2557 (17)
H Up Tp

C

Thls test was proposed late in the research as a sub-

stitute for the Watson-Merdler CR test. It has not bheen

properly tested to see 1f 1t 1s a better test. It was used

in place of CI ~n testing the simplified ~rsion of the

Watson-Merdler procedure described below.

The Watson-Merdler method finds P(t)'s which meet
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certain criteria within a deslgnated noilse level, U. If 1t
is assumed that no noilse 1s present, then a P(t) can still

always be found for any S(t) for any combination of At and

R for a finite time after the start of S(t) provided S(t)

is zerc before time t=0. In this case equation (3) becomes

9]

(t) = P(t) + RP(t-At) (18)
This can be rearranged, giving
P(t) = S(t) - RP(t-At) (19)

It is simple to write a computer program which will find
P(t) from S(t), R and At. This was done. This program is
called the "deghost" program. This is possible because
P(t) = S(t) up to t=At. For every t between At and 2At,
P(t) can, therefore, be ca._culated from already known values
of S(t). After calculating P(t) for the range At to 24c¢, the
calcula.ion can be extended to 3At, and so forth.

Such a program has one major weakness: the errors due
to neise can e cumulative, and the pulse can increase in
average amplitude with time. An S(t) which gives an unstable

P(t) is the continuous signal

-0 0> teg
S(t) = 1n(1 + at) O<tgh (20)
1+ at
= 1n( ) Attt

1+ at -aAt

Solving (18) for P(t) when R=-1 and At tg2At
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P(t) = s(t) + P(t-At)
- In(ga2lo) + In(l+at-abt)
so that
P(t) = O t£0
= 1ln(l+at) t<€0 (22)

which rises continuously toward infinity as At lncreases.
Provided aAt, is less than unity, S(t) increases from zero
at t=0 to 1n(1l+at) at t=At, and thereafter decreases to zero
as t approaches infinity. Any noise pulse which resembles
this will produce a component of P(t) which steadily
increases in slze.

The deghost program was tried on the same selsmograms
used tc test the Watson-Merdler program. A simllar procedure
has been used by Sarmah and Berg (1966), who credit it to
Carpenter (1964). Computations by the deghost method are
accomplished much faster than by the Watson-Merdler method,
using less than one quarter of the computer time.

Tables II and III compare the cases of greatest simpli-
fication found by the Watson-Merdler method with those
found by the deghost method. CH was used in place of CR as
a criterion for simplification in the deghost program. For
the fourteen earthquake selismograms, the deghost method
found that a simplification, as indicated by a peak in CH’
had occurred for At's within 0.15 seconds of the greatest

simplification found by the Watson-Merdler method in only




- 15 -

seven nut of the 17 cases of strongest Watsor.-Merdler simpli-
fication, testing over the same range in both cases. (The
deghost program was run over a wider range of time delays
than the Watson-Merdler method. The largest deghost CH'S
occurred in some cases for delays shorter than those tested
by the Watson-Merdler method.) Since the P(t)'s found by
the deghost method have not been systematically studied, 1t
is unknown which of the two methods is the better at picking
the most obvious cases of simplification. Nor is it known
to what degree the differences in the results are due to
differences between the CR and the CH test criteria and to
what degree they reflect the failure of the deghost program
to allow for the effects of noise.

In he case of the fourteen nuclear blast selsmograms,
the deghost method indicated simplification in ten out of
twelve of the cases of greatest CR picked by the Watson-
Merdler method; and the Watson-Merdler method found simpli-
fications in nine out of fourteen of the cases of greatest

C.. found by the deghost method (Table III).

H

The first parts of the fourteen blast and fourteen
earthquake seismograms were also cross-correlated with the
whole seismograms, and the cases of strongest correlation
are reported in Tables II and III. Strong correlations with
the greatest simplificatlons picked by the Watson-Merdler
method occurred in 10 out of 28 cases, and with the deghos?
largest CH'S in 15 out of 23 cases.

One other test was made. Deflne a segment of a digitized

seismogram from the A'th to the B'th point as SA_B(:).
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Define another segment of equal length starting with the

C'th point as SC_D(t), where D-C=B-A. Now define QC(t) as

where R 1s a multiple of G.1. The "search" program com-
pares SC_D(t) with SA_B(t) as a function of the variable, ¢,
by finding tie largest value of +R or -R where Qc(t) is
simpier than SA_B(t) using condition 17. This method expect-
ably gives very nearly the same results as cross-carrelation.
These tests are not conclusive. Examination of the
results has, however, led to the suspicion that the basic
trouble may not lie Iin the Watson-Merdler or deghost methods
themselves, but in the nature of the seismograms. The seis-
mograms used were all recorded with short-period Benioff or
sim!lar high-natural-frequency seismometers. The displace-
ment sensitivity of the Benioff instrument falls off rapidly
below its peak sensitivity at 1.67 cycles per second, and is
about 24 db down by 0.4 cps. The energy in the earthquake
studied by Leblanc (Technical Report Nr. 4, 1966) usually
had its peak at or below 0.4 ¢cps. The effect of this is to
make the energy ln the seismograms sharply peaked in fre-
quency near 1 cps. This is born out by a tendency for peaks
in the cross-correlation function to occur at regular one-
second intervals. This is true also of the deghost solutions.
This was not so apparent in the case of the Watson-Merdler
method, but whether this is because of a greater sensitivity

of that method, or because the CR test was poorer than the
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CH test for picking simplifications, or for some other
reaso:!. is unknown. One thing 1s apparent, however: the
Selsmic data analyzed should include lower frequencies
than the predominant range in the selsmograms tested here.

Another reason why the method may have failed to pick
PP consistently in seismograms 1is that the pulse shape of
PP 1s not always the same as that of P. To test this,
several earthquakes of presumably known focal depth have
been examined. Figure 7 is the first part of the State
College, Pa., selsmogram of the 11 January 1965 Alaskan earth-
quake, reported by the Coast and Geodetic Survey to be at 59
km focal depth. This focal depth corresponds to a PP-P delay
of about 13.5 sec. There is no clear pulse at this time in
the se'smogram, but there is a strong pulse beginning at 7.6
sec (corresponding to 31 km focal depth). The deghost pro-
gram finds this correlation clearly. It also finds a weak
correlation at 9.15 sec (38 km). It finds no simplification i
for R=-0.5 for delays between 9.15 and 25 sec, the largest
delay tested.

Figure 8 compares thé Spectra of the initial P and the
pulse at 7.6 sec. Although these are simllur, they are far
from identical. ZLeblanc's study (Technical Report Nr. 4)
of the crustal transfer functicn shows that the crust in
the epicentral region is capable of introducing enough
changes into the pulse shape of pP to cause it to differ

substantially from P in the frequency band used here.

There 1s also the possibllity that the ghost Intensity
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coefficient, R, 1s sometimes positive Tor pP for earthquakes.
The first motion from earthquakes can be g compression 1in
Some azimuths, a dilatation in others. Nelther Lin nor
Cheng tested systematically for pnsltive values of R.

Tests using the d«ghost program found approximately as many
cases of CH>'1 for positive R as for negative R 1n a few
trial runs. Large positive cross-correlations also occurred

about as often as negative ones.

V. Conclusions and Recommendations

This research has demonstrated that the Watscn-Merdler
and the deghost methods can fingd pulses in a selsmogram, but
that in the frequency range recorded well by short-period
selsmometers, more pulses are found than can be easily inter-
preted. The research suggests but has not proven that pulse
Interference due to the crustal transfer function is a major
disturbing factor and may he the princilpal cause of this
difficulty. As a result of thils, these methods have failed
to provide an easlly used means of distinguishing earthquakas
from blasts.

On~? of the major needs in selsmology is a means of
removing the effects of the crustal transfer function fronm
selsmograms. It appears likely that it is the complexities
introduced by crustal layering that have prevented these
methods from Separating blasts from earthquakes and have
introduced uncertainties into the depth-of-focus measure -
ments. Ieblanc (Technical Report Nr. b, 1966) has suggested

an approach by which this problem may be solved. When means
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of removing the crustal effect from the seismogram at a
recording station have been developped, this whole depth-
of-focus experiment should be repeated.

This research has shown also that selsmic energy falls
off rapidly above 0.4 cps. Any further work done along the
lines tried here should use data covering a broader range
of frequencies at the low-frequency end.

The methods developped here do show promise of provid-
ing a means of selecting the pP-P time interval more accurately
than by simple visual inspection of the selsmogram. This
possibility should be studied 1n greater detail on longer-
period selsmograms. Long period seismograms are advantageous
also because pulse int=rference 1s less promlnent than in
short-period selsmograms.

The Watson-Merdler and deghost methods should be com-
pared more thoroughly to find if the complizated Watson-
Merdler method 1s significantly more sensitive to ghosts 1n
a selsmogram than 1s the deghost method, and to fird out if
elther 1s better at plcking ghosts than cross-correlation or

autocorrelation.

Acknowledgments

This research was carried out with the help of many
persons. At various times over a dozen different graduate
and undergraduate students have served as assistants in
this work. The contritutions of Y. Nakamura, R. L. Rothman,

S. C. Merdler, G. Ieblanc, D. A. Siskind, J. L. Lin,

rowss)]




- 20 -

Y. Y. Cheng and T. G. Baybrook were particularly significant,
and have resulted in special reports in each case. Dr. R. J.
Watson shared in the direction of this work in 1964-65. His
ldeas, parvicularly the basiec concepts of inverse filltering
as used in the Watson-Merdler method and the concept of con-
cent~atlion ratio as a measure of simplicity of a selsmogram,
have been central to thils work since he proposed them.

The friendly and patlent help and encouragement of
Mr. Ker C. Thomson, cur contract monitor, is gratefully

acknowledgzed.

References

Carpenter, E. W., 1964, Teleselsmic Methods for the Locatloi.
of Underground Explosions. Veslac State-of-the-Art
Report 4410-67-X. Univ. of .ch. 69 pp.

Cheng, Y. Y., 1966, Study of Modified Estimation Procedure
for Focal-Depth Determinatior. of the 10 May 1963
Ecuador Earthquake. Technical Report AFCRL-66-635,
Contract AF19(628)-238.

Howzll, B. F., Jr., 1966A, Lake Superior Seismic Experiment:
Frequency Spectra and Absorption. In press, Am. Geophys.
Union Monograph 10.

How~11l, B. F., Jr., 1966B, Simple Digitizer for Paper Seis-
mograms. Bull. Seis. Soc. Am. 56:605-608.

Howell, B. F., Jr., 1967, Lake Superior Seismic Experiment:
Absorption Using Smoothed Frequency Spectra. In press,

Jour. Gecpays. Res.



- 21 -

Howell, B. F., Jr., T. G. Baybrook, 1967, Scale-Model Study
of Refraction Along an Irregular Interface. In press,
Bull. Seis. Soc. Am.

Leblanc, G., 196€, 3pectral Analysis of Short-Perlod First
Arrivals of the 13 April 1963 Peruvian Earthquake.
Special Technical Report AFCRL-66-63Y. Contract
AF19(628)-238.

Lin, J. L., 1966, A Study of the Watson-Merdler Methed for
Focal-Depth Determination of Selsmlc Disturbances from
Underground Nuclear Explosions. Technical Report
AFCRL-66-570, Contr=ct AF1G(628)-238.

Merdler, S. C., 1964, Estimation Procedure for Focal-Depth
Determination of Seismlc Disturbances. Speclal Techni-
cal Report AFCRL-€4-755, Contract AF19(628)-238.

Nakamura, Y., 19634, Absorption Measurements of Ultrasonic
Waves in Plastic Sheets. J. Ap. Phys. 34:3288-3290.

Nakamura, Y., 1963B, Frequency Spectra of Refraction Arrivals
and the Nature of the Mohorovicic Discontinuity, Supple-
ment to Progress Report No. 6 Air Force Contract
AF19(628)-238.

Nakamura, Y., 1964, Model Experirents on Mefraction Arrivals
from a Linear Transition Layer. Bull. Seis. Soc. Am.
54:1-8.

Nakamura, Y., B. F. Howell, Jr., 1964, Maine Seismic Experi-
ment: Frequency Spectra of Refraction Arrivals and the
Nature of the Mohorovicic Discontinulty. Bull. Seis.
Soc. Am. 54:9-18.

U




- 22 .

Rothman, R. L., 1964, Model Studies for Focal-Depth Deter-
mination at Near-Source Statlons. Supplemer.c to Fifth
Semi-Annual Report, Air Force Coutract AF19(628)-238,

88 pp.

Sarmah, S. K.; J. W. Berg, 1966, Separation of Surface Reflec-
tion from P Pulse Recorded at Teleselsmic Distances.
Earthquake Notes 372:23-27.

Siskind, D. A. 1966, Seilsmic Model Study of Refraction
Arrivals 1In a Three-Layered Structure. Technical Report

AFCRL-66-571, Contract AF19(528)-238.




(2 *aN gaodsy
TeOTUYOSL) gaodada

Tenuue-~Twas Yyig

uswyl 0y
7] ‘4 K£q €SUOTqBAS 20IN0OS-JBSIN 3P UOTI]

96T sunp 02 jquasuwaTddng -rvUTWJIS3SQ yjzdsg-1eo0d J0J SOSTPNIS TSPOW ‘L
uotufn (G6:Gt *n "udp -wy -sued] :30BIZSQAY)
‘sfydoay -wy *JIf ‘TTIoMOH *d g £q ‘eaeQ OTWSTSS JO
#9617 TTady aJ0Jaq TeqJdaA Jutpaoosy asdr] Jo LoenbasprUul 85Uz U -9
(26-16:G1
uoTuf) °sfAydosyn °‘wy -suvL] :30BIISqY)
uotu(] *Jp ‘TT8MOH *d *d ‘uta®I ‘W °d ‘uBuyjoy
*‘sAydosan -wy T "4 £q ‘8UOT3B3S S80anog-JesSN 3B UOT]
#96T TTady 3J0J8qQ Teqdap -rvUTwaajda yazdeT1-1eood J0J SssTtpnilS T2POW  °G
(8-T:15
‘wy 008 °ST9S -1Ing ‘jutadsy) eanwexenN
T "JIN 3aqodsy ‘A £q ‘asfer] UOT3TSUBJ] JBSUTT ® wodJ
#96T - aad OTJTAUSTOS STBATJIAY UOT3oeJIJSY UO sjusuTasadxd T3POW “f
(062£-ggeE i hE *shud -dy -r ‘jutadasy)
2 °*JN aaodsy raNWENeN A £Aq ‘sS3899US OT3SBId UT S9ABM
€961 -AON 0TJTausaTog OTUOSBJIZTIN JO sjuswaansesi] uotadaosqy °¢€
(T *aN 3aoday
TeOoTUY23L) 9 vranuedeN X £q ‘L3TnUT3uoo
*qC¢y ssaadoad -STA OTOTAOJOUOR 8ayj3 JO aanjeN ayjs pue
€967 sunp quswatddag STBATJJIY UOT3o®BJIJaY Jo B3oadg Aousntsayg °*g2
(g6: €€ sajoN axenbyjaey 140®I48QY)
‘WY 008 *STag ranuedeN ‘A £q ‘STSPOW OT3SBId UT SaAEBM
2961 -28(Q 2J0Jaq TEQJISA 2TWSTOS pajeInUWIS Jo uotadaosqy T
21Bp PaInNqQTIaSTP qaodaa Jo adAg qaodagda JOo S8I3TL
uoTINqQrJaI3sTp 0
sTqeqoad paystTand
ajrwIxoadde

pue sniels

g€e~-(ge9)6tdy 3oeajuo) £q Ar3aed
J0 ATaataud pseajaoddng

‘pauueTd
puer pacedsad sjaoday OTPOTJI3d-UON

‘I STQBL




- o4 -

f “aN jaodsy

ouBT QoI *H £gq ‘syenbuyjzard
ueTanasad €96T TTIdY €1 aYy3 JO STBATJIAY

9961 °3°0 TedoTUUSaj 38aTd POTISJ-3JI0US JO sTsLTeuy Teajoads -G
809-G09:9¢ "Wy <008 °STSS
¢ *aN gaoday *TIng ‘jutaday) “cap ‘tremMoH 4 d £9

g96hT aunp O0TJT3uUaTlog ‘sweadowsTag aaded J0J J9ZT4TITA oTdwisS 4T
(€9T: .t
uoTun ‘N°H°¥ -sueal :30BI3SQY) *JL ‘TTSMOH
*sAydoan -uy ‘d ‘g Aq ‘uoyrgdaosqgy Hur Bajzoadg Aouanb

Q96T TTady 9J0J9Qq TeqaaA -9Ja ‘:gquswtaadxyg oTwsToag JotJaadng a¥eT €1
*ILCTIOMOH "d g pue JueBTaaT *H £g ‘oxendb
"Wy 005 STag -yjdaed nasad €961 TTIdY €T au3l JO STBATJIJIY

9961 TTady 9J40J32q TBAJISA  4SJITd POTJISd-3a0U§ Jo sTsAreuy TeIj3o9dg 2T
Wy 008 STO8 ourTgeT *nH £Aq ‘sunriound

996T TTady 8J0J3q T2qJdsp J9JsurJg] [eISNJ) uo uoTdeound] JO 39093Jd °TI
3-L:9¢€
S930N 9xenbyaaeqd ‘- Japr ‘TI9MOH "8 "9 Aq

G96T aunp paustTand ‘gydealdowsTag a0J A37ATITSuSS umuwtado °OT
J9TPI3N "0 *S £q
GG L-t9-THO4dVY fssouBqaN3sST@ OTWSTAS JO UOTJBUTWISFSJ

7961 -3dss *aN TeOTUUDJ y3dag-1eo0d a0J aanpasooad uoTsrWISGSH 6
UBITUYOTW "N ‘Le-H1 °*dd eTjuen Jgaddn pue
X-GL-0Thh 3snap s,;yjJdeyd Jo UOTIBTJIBA °Juo) JVISHA
jaodad aoua *00ad Jaf ‘TITSMOH g g pur BINWEYEN
-JI9JUuo0) JVISHA *X Ag ‘asfe] UOT]TSURIL JIBIUTT B WoIJ

7961 LInpe UT pu®B TBQJIOA STBATJIIV UOTJ30BIJOY UO sjuswiaadxd TOPOW °Q

panuTauoo - I aTqel




- 25 -

0T udeu3
-Ouol uotun

*JIf “TTOMOH

TeoTsfydosan pauystTqnd *d g £q ‘uoTidaosqy pue eJI308dg Louanb
‘wy sssad ug JuTey —9dd jusuTaadxy OTWSTOS JoTgadng aeT °€e
qaodsa paystrgqnd
souaaaJ 9Qq 03 pur 3sua
=UuopD DVISHA =I9JU0) DVISHA uosjieM °f Y £q ‘uadsqg
ssoad ur 9J0Jaq Tequaap 18004 OTWETSS JUT3BWTI]SH J0J sanpaosoad -z
PUTHSTS
J *aN jaoday *d *d £q ‘aangonajg paaafeT-99ayl ® uf
9961 "3°0 TBOTUYOS], STBATJIJIY UOT30BIJOY JO £pn3g TOpPOW OTWSTog ‘T2
Buauy)
‘X "X £q ‘oyenbyjaeyqy J0penod €961 Lel
9 *JaN jJgoday OT ®U3 JO UOoTj3eUTWIS]S(J ysdag-t1ed0d J0J
996T 390 TeOTUYUDS, 9INPac0ad UOT3BWTLSH POTJTPON JO £pn3g  -oc
utryt 1T °f L£q ‘suorsordxy
JE3TONN puno.I3Isapuf] wo.rJ seoourqQaInisTqg
G °*JaN jaoday OTWSTSS JO UOTj3BUTWIS39Q yYazdag-Teood
9961 "1°0 TBOTUYUDS], J0J poyjzap I9TPISN-UOS3eM 9uy3 Jo ApngyS ¥V 6T
utl *T °f pue ‘3usayp *x X
‘uosyeM 'L ¥ ‘utAeT ‘W *d ‘rap TToMOH
‘WY * 00§ *STOQ *d 9 £y ‘weaJouwsTsg B ut saousnbag
Q96T *3°0 9J0J9qQ T®BQJISA OSTnd pojeaday JFurzTufoosy J0J POU3s °QT
PUTHSTS *H *q pue °ap ‘Tlemol
*wy 008 sTag ‘d g £q ‘sanjonajg paasfeT-9sayl ® ufl
9961 *3°0 °10J9q T®QISA STBATJJIY UOTJ0BIJOY Jo Apnqg TOpPON-& 208 LT
"If ‘TTSMOH *Jd °g pue Mooaqleg
‘wy- 208 sTas ‘D L £q ‘Laepunog JeIndaaal ue Y3zTm
996T °3°0 9JI0J9Qq TBQJIaA TO9PONW ® I0J sar1pnjg Bajzvadg Louanbouag ‘OT

panurquoo -

"I 8Tqey




- 26 -

,96T -uepr Teutd g¢f2-(829)6TdY 3oBIjUO) J0J jao0day Teultd -TE
1961
Ut uorjeorTqnd
a40J so1sfydcan Jo
*JNOL UBTPRUB] 03 pausTtTand *dIf “TTISMOH 4 °g Pu® oUuBIQaT 'H ~q
po33TWAnRS 9q O a2q 03 ‘ganeM-d POTISad-340US JOo £Apnag 1eRIjzoadg Q¢
‘WY * 008 TO9D *IP ‘TIoMOH °*d g £q ‘£3TnuTauoosTd
Q96T "AON 2J0J20 TEBQJSA OTOTAOJOUON 9ug3 Jo ssoaudaeyg -°62
1961
uf uoljeorTqnd ouRtqQoT *H LAq ‘uol]

JOJ °*WY°*008°*sSTaS paustTand -BUTWID]9(J 2J4n3onJdqsS Teiasna) auld pue
‘TIng 02 Ppa3jTwgng 3q 0OF suoTjgoung JaJsueBL] [BISNI) pPaievoundl °ge
L96T Ut uot) utrl "1 "L pue ‘Busy) ‘X "X

-e0TTand J0J -wy ‘uosiaeM L Y ‘utarT ‘W °*d ‘cap ‘1rsmoH
008 *STag  TINg ), “aN 3aoday ‘d ‘g £qg ‘weadowsTaS B Ul saouanbag
03 PpejjTuqng OTJTIJUSTOS asTnd pojeadoay BuIZTUuTCO9Y JO0J POUISW L2
L96T UT uoTj
-e0oTTqnd J0J -wy *JIP ‘TTSMOH °*Jd °d puB PUINSTS
*008°ST9S 1Ing 9 °"aN jaoday *d ' £q ‘2an3ongilg padsie-92Jdy] ' Ut
03 PpajjTwuqng OTJTIUSTOS STRATJJIY UOT3HNBIIJSY JO LAprijS TOPOW-STBOS Q2
L9961 UT uoT3
-e0TTand Jo0J -uy Yooagfed *H I pPu®B °*4
*009°STSS1TINnNdg G *aN 3aoday ‘TTsMOH 'd g £q f9oBJJasi3ul JeIndadd] ue
03 PpPLjjrTuqng OTJT3USTOS BuoTy uoT3oeajay JO £pniS TOPOW-3TBOS °Gg
*dl ‘TTIaMOH *d g £q ‘rajgoadg
f *JaN gaodey Lousanboayg pauyjzooug IJursn uorgdaosqy
paTTo2ouUR) OTJTAUSTOS :quawuTaadxy oTwsTag JoTdadng aqeTI ‘2
panuTiluod - I ST9RlL




- 27 -

SS GG

L°0 G614 L9°0 61 :
GO°1 m.:*
0T @.ﬂ*
L0 m.H* A
611 G°6
80 0°G AR m.:* 0E°T 61 SS m.:*
6°0 1°c 191 m.m*
0°T N.H* ,9°0 1 doS
G0 G 21
O°'T N.HH* 950 H.Hﬂ*
61°0 L. GT'T LA SN 6" L
9°0 5L°G Ss QG
¢*0 L% 8" 0 61 T G
Ss m.m*
8°0 G6°T 8c°T T°c
LT o.ﬂ* WOD
yadt.adas oLuwTl] Yya3uadaqs LWl ja3uaa49S SWL] JuraBead  SUWTT
S098 UT wed3oad S08S UT SUOTFBTOJIJIO0D S085 UT WBISZO-J 3SOUJop 09S U SABTOD uoTa®eas
Joaeas UT s)ead SS0J0 3883u0Jaias £q LeTsp SWE] 2WTq s,3udy) IJuTpJaooay

*ISA9T SSTOU 8Uj SA0Q®B STQBZTUZ0O0aJ 30U UOTABOTJTTAWTS suesuw
SN ‘uoT3BOTJTTAWTS swos sueaw S fuoT3eoJTTdWTSs pszTulooaa ATTSBS Suesu
SY *9s®BO O®S UT HSTJIL3S® UB UJT/. PofdeW ST UOT3BOTPUT 3salduocays (-oss
#T53V50 T I0J aae Sa9Yyjo TT1e ‘-098s ,T$IVsG° e I0J aae s3s93 (996T) s,3usyn)
ayenbyjaeyd Jopenoyq €O6T £BW OT 2Ua JO sweiIowsTas UT
§380Ud JuTzTuBoosa JO spoyjzsu quadsIJJIP JnoJ Jo uostaedwo)

ITI s1qgelL

SNE I

e




- 28 -

© o oo

0w O "N i~

80

s T T

|

€ et
GO°TT
.6
'8

<89

"7

G9-¢

8T

gh°0 T°TT
19°0 9°6
89°0 8w,
6G°0 04T
GG°0 8°9
960 YA
940 L-g
750 Lt
0G0 gz
60 LT

panutlauoo

- II 9TqelL

80°T

oh°T

LT T

€0°1
201
80T
LT°T
HT°T

9¢'T

60°T
80°1T

G°6

0°ct
0° 1T

t~ O
t~ O O

SN

SS
SN

SS
SS

. *
Na1

0°ct

8°6

88

8 H

S°w,
LHW




N O
O O

- 29 -

6°11 85°0 6°1T

9% °0 g8°0T AR 8°0T
g6 c9°0 w.m* XA 86 SN 6°6
G9°3 50 9°g €e-1 9°8, SS 8°8
SN AR
16°0 9. €T"T GG-.
60°T G€°9 SN ©°9
HO'T AL
SN €%
SS m.m*
8T, I6°0 LT AN LT OHd
0°€T €01 0°€T
80T L1170 80t 20" 1T 80T SS 8°0T
8°6 Li°0 86 GO°T L6
€01 .8
IT°T f°Q
70" T 0°9
8T T 0°S SS o.m*
91T 8¢
T 92
8°T 960 8T, 08°1 81T, OIA

psnuTjuod - II arqel

P




- 30 -

SS L°TT

90°T G 01 SS f°0T
SN T°0T
SN 26
0°8, 09°0 m.w* 200" 1 0°'8
80°1 7°G SN T°6G
SN 9%
T, LG 0 T h 12 T [ Sy T,
SN T°¢
60°T -2 SN 8¢ 0Ld
G886 90°T 6°6
G9- . L6°0 9L, 0€°1 9.
99 9.°0 99
9t 0 9°G
S°% ,9°0 Gf GE'T S,
L€ ,0°T G°¢
L0 L2 OWO

PANUT4U0D - II STqR]

et




- 31 -

8°0
9°0
8°0
9°0

0 W
t~

S8° L
8°9

Gg-¢

g0
09°0
80

8°0

0G°0
T.°0
L9°0
8GO
T9°0
9°0
69°0

91" 0
85°0

O \O ©
b~

(OA NN 0))
t~

panuTquUod

90°T1
LT T

L6°1
SO°T

e T

Ool°'T

GT-°1
OT"T
He" T
90°T
0c°t
G0°T
LT°1

ORI

IT aTqedL

SN

SN
SN
SN
SN
SN
SS
SS
SN

SN

SN

SS

(e 0]
(e 0]

QU LA TP S S N O T O R

VO N\ 0O n O

OdiN

0°0T
*
0°6

SHY

=

i~




8°TT

8°6 €0°1 £°0T
G0°8g €L°0 '8,
T°4 #G°0 0°. Q0°T o-.L
2’9 €60 T°g SN Q-G
ge i oG,
2t 69°0 AR 9T T € f SH T°f,
T°¢ Q11 G ¢
m.m* N € e ce 't 2e, nLs
m.mﬂ* SN ARAl
20°T G Tt C G 11
SN T°0T
SN 86
SS S8,
80°T HARIW
TO'T L€
T°2 09°0 -2 a1V

panutquoo - II =Tq®.




o O
o O

of°C
9% "0

GL°0

710°T
€1°T
60" 1

69°'1

psnutauod - II manma"




- 34 -

AR

1A NS s

chl-0- mm.m* 8°0- CT-e LL°T mm.m* €T m.m*

el o- €1 6°0- m.H* LL T m.H* = IdI-£AqT 19
-= L0~ m.m* €€ 1 €2 --
-- -- RE°T mo.H* Ll T o°T, 0do-£q11d
- S 0- 8°S, - 90°T  8°G
-- G 0- m.:* -- 90°1 0°¢G
-- -- G1°'T m:.ﬁ* E1°T 9'T, SIMH-Lqi1d
- - L0°T SRl Hi°T m.wﬁ*
=- - 0c'1 I°¢ HT°T H.m*
LUTAT O o.H* 9°0- 0°T, e T o.H* -- -- 40dS-£aT11d
0610~ mﬁ.m* 8°0- €e e AN mH.w* L2 1 m.m*
-- 6°0- T,  tn'T 0°'T 9¢'T O0°'T  ANOO-£qTTg
-- = cO°T mm.mﬁ* -
064" 0- 1) G:0- mm.w* -- =2
G6h - 0- m».:* G 0- 9t -~ -=  AdZI-LGT19
yadSuadags Amommq‘Schm&pm Amomnw cpmsm&pm mmommq.zpwcmhpm ﬂmommq‘ UOT3®B]S
LeT2p LeTap LeTap ‘AeTap BuTproosd

93BTBIJI0D-320a) wealoag Joaevag wexdoad 3¢£iylaq JI9TPISW-UOS3BM PUB jUSAT

‘UOTJ3eOTPUT Bulpuodsaagod

€ SY 8J8yj JT uMoys ST spoyjasu I9Y30 3ys £q uoT3BOTPUT Butpuodssaaos syj JO yjzBusajyg
"OSBO Uo®® UT NSTJI93SB UB YjTM POAJBW ST UOT3BOTPUT ;898U0I3S "S38BTQ JaeaTonu
Uus93anog Jao0J poaTag swajgshs INeJ 8yjz £q jgusutwouad jsow se payoTd s3sould Jo uostaedwon

III ®T19ed




- 35 -

086 " 0-
Ot " 0O-

Ltr*0-

Teh"0-

LG 0-
6.LS 0~

LEE O~

GGg 0~

9f*0-

SE'h
G1°€

f°0-

G- 0-
:.Ol
8°0-

DPaSNUTAUOD

€h'h, 85T
ST§, ET'T
Ll On'T
gL'z €S°T
-- ST T
9°€,
CS'T  60°T
G0°6
L'z, LS'T
*
S6°T
GT°2 UASE!
T°T GE'T
*
Ge's,  9E°T
- ge-c
€L'9  TE'T
GOt T 1
o°T, 96" T

IIT °8Tq®BL

G 1
c6 1

GE'T
0€°T
68°1

06°1
9T
gt T
9c 1

l8°¢e

T T
Te T
901

N =

dWNH 3%

* 1ddyssTssST

LNdN
-uouwtes

LNIN-Teous

9'T, ANHQ-TEOUS

AdZT-TeOUS

INdN-£Q1T€

SIMA-L£QTTd

HdZd-£qTtd

L




Two parts of the scale-model lavoratory facilities.
Upper view: a model 1n place ready for recording
bulses. Lower view: apparatus for digitizing
earthquake selismograms.
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Fig. 5. Original 5(t) (solid line) and deconvolved
P(t) (dashed 1line) earthquake seismograms
whic show simplification of P(t) as compared
to S{t). Ecuador Earthquake of 10 May 1963.
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three methods. frequently but not always find the same
ghosts. - ‘

Two important factors which make i1t difficult for all
three methods to find ghosts are that short-period seismo-
meters do not record the main part of the energy in most
seismic pulses and the ghosts commonly differ greatly from
their primaries in waveform and frequency spectrum. x
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